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the stability of the passivated diamond surface or sliding-induced graphitization/rehybridization of carbon.
We find ultralow friction and wear for ultrananocrystalline diamond surfaces even in dry environments, and
observe negligible rehybridization except for a modest, submonolayer amount under the most severe
conditions (high load, low humidity). This supports the passivation hypothesis, and establishes a new regime
of exceptionally low friction and wear for diamond.
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The impressively low friction and wear of diamond in humid environments is debated to originate from
either the stability of the passivated diamond surface or sliding-induced graphitization/rehybridization of
carbon. We find ultralow friction and wear for ultrananocrystalline diamond surfaces even in dry
environments, and observe negligible rehybridization except for a modest, submonolayer amount under
the most severe conditions (high load, low humidity). This supports the passivation hypothesis, and
establishes a new regime of exceptionally low friction and wear for diamond.
DOI: 10.1103/PhysRevLett.100.235502 PACS numbers: 81.40.Pq, 46.55.+d, 62.20.Qp
The remarkably low friction and wear of diamond,
particularly in humid environments, is postulated to be
due to either rehybridization [1–3], or passivation [4,5]
of dangling bonds formed during sliding. Rehybridization
to ordered sp2 bonding is plausible because graphite is the
thermodynamically stable form of carbon at room tem-
perature and ambient pressure, and is lubricious due to its
layered structure. Rehybridization may also involve the
formation of lubricious amorphous sp2-containing carbon
[6]. The significant energy barrier to convert diamond to
graphite or amorphous carbon (1:0 eV=atom) [7] may be
lowered by shear, frictional heating, and oxygen and water
vapor. However, passivation is proposed by others [4,5,8]
because friction and wear for diamond are lower, compared
to vacuum, in environments containing H2 or H2O.
Desorption, induced mechanically, creates dangling carbon
bonds that increase friction and wear due to interfacial
bonding [9]. A sufficient supply of passivating species
overcomes this by preemptively terminating the dangling
bonds. However, no previous studies presented spectro-
scopic evidence to validate either hypothesis.
Ultrananocrystalline diamond (UNCD), one of the
smoothest diamond films available, has a thickness-
independent RMS roughness of <12 nm over a 1 m2
area [10]. UNCD has equiaxed diamond grains 2–5 nm
in diameter with atomically abrupt grain boundaries, and
shares many of the properties of diamond [11,12]. UNCD
films 1 m thick were deposited onto silicon flats and
Si3N4 spheres [13]. Substrates were ultrasonically pre-
treated as in [10] except with functionalized nanodiamond
powder (4 nm diameter; ITC, Inc., Raleigh, NC) in
dimethylsulfoxide before UNCD growth. We conducted
four tribology experiments with UNCD sliding against
UNCD, varying relative humidity (RH) and load. We
determined the hybridization and chemistry after sliding
by analyzing wear tracks and unworn regions using x-ray
photoelectron emission microscopy (X-PEEM) with near-
edge x-ray absorption fine structure (NEXAFS) spectros-
copy [14,15]. At the carbon edge, this technique is sensi-
tive to the top 3 nm of the surface [16]. We have
previously shown that X-PEEM can differentiate between
worn and unworn UNCD regions, with high sensitivity to
hybridization and chemistry [17].
Friction tests were performed with a microtribometer in
an environmental chamber [18,19]. We produced four wear
tracks on one UNCD flat by reciprocating sliding in an Ar
atmosphere [20], using either 0.1 or 1.0 N load (initial
mean Hertzian contact pressures 300 and 649 MPa, respec-
tively) and either 1.0% or 50% RH. A new sphere was used
for each track. The tracks are hereafter referred to as HD,
LD, HW, and LW, signifying load (High or Low) and
humidity (Dry or Wet), respectively.
To find the wear volume removed for each track, we
performed optical profilometry measurements [21]. We
calculated the wear rate of the film on the substrate using
Archard’s law [22].
While initial friction coefficients were different (Fig. 1
and Table I), the steady-state friction coefficients for all
tests were approximately the same (0:02) [23]. Previ-
ously, the lowest friction coefficient ever measured for
diamond in dry conditions was 0.03–0.04, for a fine-
grained diamond film in contact with a bulk diamond pin
in dry N2 [24].
Tracks HW, LD, and LW all exhibited similarly excel-
lent friction behavior. For the HD track, the nominal con-
tact area grew significantly as the interface evolved, as
evidenced by its larger track width (195 m). The low
friction behavior occurring after the significant run-in pe-
riod may be associated with a reduced average contact
pressure. The trends observed suggest that a low friction
coefficient is achievable with UNCD at any RH  1:0% if
the contact pressure is below a critical value.
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We collected Raman spectra from the spheres both in-
side and outside of the wear scars immediately after each
track was made [25]. The spectra from inside the wear
scars were indistinguishable from the unworn UNCD flat
and identical to previously reported spectra [26]. This
spectroscopy showed the films on the spheres did not
wear through.
The steady-state friction coefficients ss and global
wear rates are reported in Table I. According to profilom-
etry, only track HD exhibited significant topographic
modification. The wear scar depth was greater than
4 m, much deeper than the 1 m thickness of the coat-
ing. Spectroscopy and cross-sectional transmission elec-
tron microscopy confirmed that the coating was still
present within the wear track, indicating the Si substrate
was irreversibly compressed. This pronounced depression
was not observed with track HW, even though the load was
the same. Pronounced debris also demonstrates that track
HD wore at a higher rate, presumably due to the high
friction run-in period. The other wear rates are similar to
or less than those for smooth nanocrystalline diamond
films [24,27].
We extracted NEXAFS spectra from each track [28].
Division maps (image ratios at energies on and off spectral
peaks) enhance chemical contrast and were used to define
the regions for analysis. A region with the strongest inten-
sity at 285 eV is drawn on an X-PEEM image obtained at
289 eV [Fig. 2(a)] completely inside track HD.
For unworn UNCD, the small peak at 285 eV is due to
the C 1s!  transition for disordered carbon-carbon
bonds. This peak directly correlates with the amount of
sp2-bonded carbon (5%, as in all UNCD films [11]) in
the sampled region due to the surface contamination, re-
construction, and grain boundaries. The edge jump at
289 eV, the exciton peak at 289:3 eV, and the second
band gap at 302:5 eV are due to the C 1s!  transition
for ordered sp3-hybridized carbon-carbon bonds [29].
The C 1s spectra extracted from worn regions are very
similar to those of unworn UNCD, even for the HD track
[Fig. 2(b)], with no observable rehybridization for the LD,
LW, and HW tracks. For visualization only, the spectra
shown are normalized to set the preedge to zero and the
postedge at 320 eV to one. All quantitative analysis is
based on relative areas of specified energy windows with
respect to the postedge intensity from 289–325 eV within
single spectra. There is some conversion to sp2-bonded
carbon in the representative image of the HD track
[Fig. 2(a)], evident from the increased intensity at
285 eV (sp2 content is 21% in the drawn region, 18%
averaged over the entire image). None of the C 1s! 
peaks exhibit the shift from 285 to 285.5 eV that occurs for
ordered graphite [30,31].
Surface passivation by H or O is typically manifested in
C 1s spectra as increased intensity from 286–289 eV [inset
of Fig. 2(b)]. This is because the C
—
O bond is at
286:4 eV [29,31] and the C—H bond is at 287:5 eV
on diamond [29]. We indeed find that the tracks exhibit
small to significant increases in spectral intensity in this
energy window of 14%, 140%, 69%, and 205%
compared to unworn UNCD for the most heavily modified
areas of LW, HW, LD, and HD tracks, respectively. We do
not claim that this corresponds to the instantaneous chem-
istry present during sliding, but rather that in the worn
region: (a) ordered graphite is not formed since it would
not disappear upon ambient exposure; and (b) oxidized
species indicate that dangling bonds were produced and
eventually passivated. Given the rapid dissociation times
and highly favorable energetics of water dissociation on
the diamond dangling bonds [32] passivation likely oc-
curred during sliding. Chemical modifications can occur
TABLE I. The contact conditions, respective track labels, steady-state friction coefficient (ss) found by averaging the last 1000
cycles, number of run-in cycles, final track width, and global wear rate for each track. The total number of cycles was 5000 for all
conditions. The wear rate for the HD track is an upper bound due to the extreme geometry of the wear scar.
Contact conditions Label ss No. of run-in cycles Track width (m) Wear rate (mm3 N1 m1)
1.0 N load 1.0% RH HD 0:015 0:002 2000 195  3 105
0.1 N load 1.0% RH LD 0:028 0:001 <500 40 1:2 107
1.0 N load 50% RH HW 0:0212 0:0008 <250 55 3:9 1010
0.1 N load 50% RH LW 0:029 0:002 <250 25 <2:5 1010
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FIG. 1. Friction data from four wear tracks made with either
1.0 N (solid line) or 0.1 N (dashed line) load, and 1.0% (black
line) or 50% (gray line) RH. (inset) Zoom of the last 1000 cycles
showing low, steady-state friction. The two dashed curves fall on
top of one another.
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afterward, but differences between worn and unworn re-
gions show that tribochemical changes occurred.
To further rule out the formation of graphite, we used the
transmission properties of x-rays through graphite and
diamond and the electron emission properties of carbon
[33] to simulate a NEXAFS spectrum for one monolayer of
graphite on top of UNCD (Fig. 3, solid gray line). This
methodology will be described in full detail elsewhere.
Briefly, atomic densities were used to determine the pene-
tration depth of x-rays, and the known spacing between
graphite planes was used as the monolayer thickness. For
this hypothetical structure, 27% of the electrons emitted
at the C K edge come from the monolayer. Thus, the
simulated spectrum is the linear combination of 27%
graphite and 73% UNCD. The sp2 percentage determined
here is a lower bound since the monolayer thickness was a
lower bound, we assumed the longest electron mean in-
elastic path for carbon (7.5 A˚ ), and interlayer bonding
(with possible sp2 character) was ignored. A simulated
spectrum with the same sp2 content as the most heavily
modified region of track HD corresponds to a coverage of
only 42 2% of a monolayer of graphite. Further evidence
for the lack of graphitization is shown in Fig. 3 (bottom).
The dashed gray spectrum is the subtraction of an unworn
UNCD spectrum from the HD track spectrum. The result is
similar to the spectrum from hydrogenated amorphous
carbon [34] (Fig. 3, dashed black line), suggesting that
some amount of amorphous carbon was created by wear.
We performed a similar calculation to that done for graph-
ite, instead using the hydrogenated amorphous carbon
spectrum in Fig. 3 for the topmost layer. This analysis
revealed that an amorphous carbon layer only 0:25
0:01 nm thick yields the same sp2 content found in the
heavily modified region of track HD. Far less amorphous
carbon is detected in all the other tracks, yet they have
similar steady-state friction coefficients (0:02) as the HD
track. The UNCD in these tracks remains almost com-
pletely unaltered at the surface, with no graphitization or
significant amorphization. We conclude that the much-
discussed lubrication mechanism for diamond involving
the formation of substantial graphitic or amorphous inter-
facial layers does not occur for UNCD under a broad range
of conditions. This may be generalized to any diamond
interface since UNCD possesses only slightly more sp2
bonding than larger-grained and single crystal diamond.
The mechanism of low friction supported by this spec-
troscopy is passivation of dangling bonds [1,3,4,35]. This
is the first definitive spectroscopic evidence supporting the
passivation hypothesis. This mechanism hinges on a bal-
ance between the processes of bond breaking during each
sliding pass (which depends on contact stress, sliding rate,
and temperature) and passivation by dissociative adsorp-
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FIG. 3. A comparison of NEXAFS spectra. Top: experimental
data from the most heavily worn region of the HD wear track
(solid black line) and a simulation for one monolayer of graphite
on UNCD (solid gray line). Bottom: spectrum from hydrogen-
ated amorphous carbon (dashed black line) and subtraction of an
unworn UNCD spectrum from the HD track spectrum (dashed
gray line).
FIG. 2. (a) X-PEEM image at 289 eV inside the HD track.
(b) C 1s spectra, offset for clarity. The top spectrum (black line)
is a reference taken far from the wear track, and the bottom
spectrum (gray line) is from the region drawn in (a). Inset:
magnified plot of the spectra from (b) and a spectrum from track
LW, in the 1s !  region.
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tion of gaseous species, in particular, water vapor (which
depends on RH and reciprocation frequency [36,37]).
Recent density functional theory calculations demonstrate
the strong energetic favorability of H2 and H2O dissocia-
tive passivation of dangling bonds on diamond [32]. With
H2O, the dangling bonds become either OH or H
terminated. Indeed, we have evidence that there is an
increase of C—O and C
—
O bonding [Fig. 2(b)]. Results
agree with other tribological studies, which infer that dis-
sociative passivation either by water [3,5,24] or by H2
[4,38–40] is responsible for the low friction and wear of
diamond.
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